The effect of vegetative (heterokaryon) incompatibility on the transfer of a suppressive cytoplasmically determined condition, vegetative death, from carrier to normal strains of Aspergillus amstelodami has been investigated.
INTRODUCTION
Two types of potentially harmful cytoplasmic inclusions possessing genetic continuity and hence capable of infection occur in fungal mycelia. These are (i) defective, mutant derivatives of essential cytoplasmic genetic elements which have acquired the ability to suppress their normal counterparts ; and (ii) viruses. 'Vegetative death ' in Aspergillus glaucus (Jinks, 1956 (Jinks, , 1959 )~ 'senescence' in Podospora anserina (Marcou, 1961) and the 'stopper' phenotypes in Neurospora crassa (Bertrand, McDougall & Pittenger, I 968) are examples of the former which arose spontaneously during prolonged vegetative culture. Recent reports indicate that RNA viruses occur commonly in fungi (Hollings, 1962; Banks et al. 1968; Hollings & Stone, 1969; Border et al. 1972) . While this division into mutants of normal cell components and supernumerary genetic elements can be made in theory, it may in practice be difficult to distinguish between them (Hollings & Stone, 1969) . Thus, although infectivity is normally required as a criterion for a virus, infection of virus-free strains by cell-free extracts containing virus-like particles has proved difficult to obtain, and it seems likely that the natural method of transmission of both viruses and mutant cytoplasms is via hyphal anastomosis and heterokaryon formation (Hollings & Stone, 1969 ; Lhoas, 1971) . The ability of fungal mycelia to fuse and exchange protoplasms will therefore be important factors determining the spread of cytoplasmic genetic infections in natural fungal populations.
When independent strains of the same species of many Ascomycetes and Fungi Imperfecti are mixed, heterokaryon formation is prevented by systems of heterokaryon or vegetative incompatibility Esser & Kuenen, 1967; Fincham & Day, 1971) . Genetic studies in Neurospora crassa (Garnjobst, 1953 (Garnjobst, , 1955 Holloway, 1955) and Podospora anserina (Esser, I 97 I) have shown that incompatibility is determined by heterozygosity at one or more specific incompatibility loci. The presence of different alleles at these loci IP: 54.70.40.11
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C . E. CATEN in the anastomosing strains leads to the rapid degeneration and death of the fused cells following protoplasmic mixing (Garnjobst & Wilson, 1956) . Vegetative incompatibility was first revealed and has subsequently been studied almost entirely through its inhibitory effects on nuclear transfer and heterokaryon formation. Its consequences for cytoplasmic exchange have not been examined. In view of the important implications for the spread of suppressive cytoplasmic mutants and viruses in fungal populations, the effect of vegetative incompatibility on the transmission of an infectious cytoplasmic agent has been investigated directly.
METHODS
The system. Strains of Aspergillus amstelodami carrying the degenerative condition 'vegetative death ' were used as donors in mixed cultures with compatible and incompatible, normal (i.e. non-vegetative death) recipients of the same species. Vegetative death (Vgd) is determined by a cytoplasmic genetic element which is transferred to a normal strain (Vgdi) in an infectious manner following heterokaryon formation (Jinks, 1956, I 959) . Electron microscopy of sectioned hyphae and mycelial homogenates of a vegetative death strain has failed to reveal virus-like particles (R. Crosse, personal communication), and the nature of the determinant is unknown. Vegetative death is particularly suitable as a cytoplasmic marker since it is highly suppressive and has a marked effect upon the phenotype of the recipient strain, making it unnecessary to resort to polyacrylamide gel electrophoresis or electron microscopy to detect transfer (Lhoas, I 971). Vegetative (heterokaryon) incompatibility was first reported in Aspergillus amstelodami by Jones (1965) . Recent investigations of its genetic control (C. E. Caten, unpublished) indicate that it is determined by an allelic mechanism similar to that in Neurospora crassa and Podospora anserina (Garnjobst, 1953 (Garnjobst, , 1955 Esser, 1971) .
Strains. Vegetative death arose spontaneously in 19-70 in Aspergillus amstelodami, strain 37/6, which is a pyridoxine auxotroph isolated from wild-type 37 following treatment with N-methyl-N'-nitro-N-nitrosoguanidine. The wild-type has remained normal. This source of vegetative death was therefore independent of that of Jinks (1956 Jinks ( , 1959 but phenotypically very similar to it. In one experiment (Expt I) 3716 Vgd was used as the donor in mixed cultures with a single compatible (202w) and two incompatible recipients (36/23w and I /57). A second experiment (Expt 2) involved the same donor with 202w, 36/23w and three other compatible and incompatible strains as recipients. The nine recipients used in these two experiments were all independent and represented a range of background genotypes (Table 2a ). All five incompatible recipients differed from 37/6 Vgd at more than one incompatibility locus. In a third experiment (Expt 3) a culture of 37w (a white conidial colour mutant of 37) to which vegetative death had been transferred in Expt 2 was used as the donor. The recipients were 11 compatible and g incompatible progeny from a cross which was segregating for a single pair of alleles (hetA1:hetAz) determining heterokaryon compatibility with this donor (Table 2b) . Thus in this experiment the incompatible combinations differed from the compatible solely in their heterozygosity at the hetA locus (incompatible = hetA~/hetAa, compatible = hetAI/hetAI). All other segregating alleles should be distributed among the two types of recipient at random and hence will not bias the comparison of the compatible and incompatible combinations.
The nuclei of donor and recipient strains were distinguished both by spore colour and auxotrophic markers in Expts I and 2, but only by spore colour in Expt 3.
Media and culture methods. For morphological comparisons and determinations of Ltd, Colnbrook, Buckinghamshire) to MTS (MTSD) at 0.4 to 0.6 mg/ml. All media were supplemented throughout with the nutrients required to support growth of the strains used. Incubation was at 30 "C. Experimentalprocedure. A number of independent mixed cultures (stage I) of each donor/ recipient combination was established by the adjacent point inoculation of conidia from the two strains on MTS medium. After incubation for 6 days, two or three independent replicates of each combination which showed a good mixture of the strains were analysed for the transfer of vegetative death. Two, three and two replicate donor/recipient combinations were tested in Expts I, 2 and 3 respectively. For analysis, two I mm2 hyphal blocks (A and B) were taken from a region of the culture where donor and recipient were intimately mixed and transferred to 20 % CZ plates, incubated for 5 days and the diameters of the resulting colonies (stage 11) measured. To detect vegetative death in the recipient strains a single sample of recipient conidia, identified by their colour, was taken from each stage I1 colony with a fine glass needle and plated on MTSD. The size of the conidial sample was kept constant at a level which experience had shown to give IOO to 300 colonies if taken from a normal strain. The chances of detecting vegetative death were maximized by deliberately sampling from areas showing reduced growth. The MTSD plates were examined after 5 or 6 days of incubation when colony formation was complete (stage I11 cultures). This whole procedure is summarized in Fig. I .
As controls for the spontaneous occurrence of vegetative death, each recipient strain was inoculated alone on to MTS in replicate and the resulting colonies analysed in the same way as the mixed cultures. If vegetative death occurred spontaneously in a strain, then the mixed cultures involving this strain as recipient were discarded. Furthermore to demonstrate the phenotypic effects of vegetative death on colony morphology and conidial germination, the donor strain was treated in the same way. Fig. 2 . Cultures derived from platings on to MTSD of equivalent samples of conidia from wild-type 37 on the left, and the vegetative-death-carrying strain 37/6 Vgd onthe right. Note the low viability of conidia from 37/6 Vgd and the heterogeneity of the colonies produced. Fig. 3 to 5. Detail of colonies from the culture of 37/6 Vgd in Fig. 2 . Fig. 3 . Three micro-colonies. Fig. 4 . A single micro-colony. Note the swollen distorted hyphae, and the presence of empty hy phae. Fig. 5 . The margin of one of the larger colonies which although near normal in size shows marked symptoms of vegetative death. Note the enlarged, much branched hyphae which are swelling and bursting at their tips. Fig. 6 . The margin of a colony of wild-type 37 from the culture in Fig. 2 . Compare the fine, relatively unbranched hyphae with those in Fig. 5 
R E S U L T S
Phenotypic eflects of vegetative death. The effects of vegetative death on stage I1 and stage I11 colonies were shown by controls in which the donor was transferred alone, and were identical for both donors. Three of six mass hyphal transfers from 37/6 Vgd failed to grow, while the rest produced the slow growing colonies with irregular ' moth-eaten ' margins and poor conidiation characteristic of vegetative death (Table I a). Conidial platings from these colonies to give stage 111 cultures revealed that the majority of conidia were incapable of producing normal colonies (Fig. 2 and Table rb) due to death of the colony at any stage during development ( Table I C ) . Many conidia failed to germinate, others germinated but produced swollen, distorted germlings which ceased to develop further (Fig. 3,4) , and others developed to give a visible colony but with the irregular margins and low conidiation characteristic of the mass hyphal transfer colonies (Fig. 5) . Thus conidial platings from vegetative-death strains gave a mosaic of all these abnormal micro-colony types plus the occasional apparently normal colony. Such cultures were very distinct from the abundant, uniform highly conidial colonies produced by comparable platings from vegetative-death-free strains (Fig. 2) . The reduction in conidial viability and production of dying micro-colonies are characteristic features of vegetative death and were used as the diagnostic criteria.
Eflects of mixed culture. All stage I1 cultures consisted principally of the recipient strain, the donor being restricted to heterokaryotic areas in the compatible combinations or small patches in the incompatible. Of eight stage I1 colonies of the compatible recipient 202w all except one showed vegetative death symptoms and as a result the mean colony diameter was markedly less than that of the control colonies, all of which were completely normal (Table ~a ) .
In contrast none of the stage I1 colonies of 36/23w had irregular margins and reduced conidiation, although their diameter was also significantly less than the controls. The reduction in size, however, was far less than with the compatible recipient ( Table I 
a).
The occurrence of symptoms in the stage I1 colonies does not necessarily reflect transfer of vegetative death to the recipient, since they may result from the presence of donor mycelium in the mixed culture. Transfer is confirmed, however, by the stage I11 cultures which were established purely from recipient conidia. For 202w, seven of the eight cultures contained dying micro-colonies and only two produced any normal colonies, while the controls were completely free of vegetative death and produced many normal colonies (Table rb and c). As at stage I1 the appearance of the cultures of 36/23w contrasted with those for 202w. None of the platings of 3 6 1 2 3~ from the mixed cultures produced any dying microcolonies and the number of normal colonies was not significantly different from those of the controls (Table I b and c) .
The detailed results for these two recipients illustrate the two patterns of response to culture with a vegetative-death-carrying strain observed. In one, mixed culture led to a characteristic series of phenotypic changes in the recipient which closely paralleled those of the donor, while in the other, it had little or no effect and development of the recipient was essentially normal. One or the other of these two clearly distinguishable responses was obtained in all 63 independent mixed cultures examined and consequently each mixture could be classified according to whether transfer occurred or not. This qualitative distinction is used in presenting the rest of the results.
Comparison of compatible and incompatible combinations. Whether the association between successful transfer and heterokaryon compatibility on the one hand, and failure of transfer and incompatibility on the other is a general phenomenon was determined by t A and B represent the two mass hyphal transfers from each replicate mixture (see Fig. I ).
Reduced, irregular colonies characteristic of vegetative death. 
* E
Incompatibility and infection in fungi * Incompatibility determined by more than one gene.
t Incompatibility determined by one gene.
$ 4 different strains in (a) and 11 in (6).
6 3 different strains in (a) and 9 in (b) .
For details of donor and recipient strains see Methods.
(b) EXPt 3 t comparing the results for the 15 compatible and 1 2 incompatible strains of varying background genotype used. Vegetative death occurred spontaneously in the controls of two incompatible recipients in Expt 2, and all mixtures involving these strains were omitted from further consideraion. In Expts I and 2 transfer of vegetative death occurred with IOO % success to compatible recipients but was completely blocked where the donor and recipient were incompatible (Table 2 a). Restriction of cytoplasmic transfer by incompatibility was also apparent in Expt 3 (Table 2b) , although it was no longer absolute. Considering the three experiments together cytoplasmic transfer occurred in all 36 compatible combinations examined but in only four of 27 (15 %) incompatible.
The four positive incompatible combinations involved different recipients and therefore the capacity to receive vegetative death from an incompatible donor does not appear to be strain specific. Despite their classification in Table 2 as transfer positive, the rate and extent of cytoplasmic infection in these four combinations was markedly less than in the compatible ones. Vegetative death was apparent at stage I1 in only two of the six colonies of incompatible recipients in which it was eventually revealed by the stage I11 platings, as opposed to 32 of 44 colonies of compatible recipients, in the same experiment. Similarly, whereas with the compatible combinations in all cases both mass hyphal samples from the same mixture developed vegetative death, this was so in only two of the four successful incompatible combinations.
DISCUSSION
The results presented show a clear association between compatibility and successful transfer of vegetative death on the one hand and incompatibility and failure of transfer on the other. Since both the compatible and incompatible recipients represented a variety of background genotypes, and in Expt 3 were progeny from a single cross segregating for compatibility, this association is most unlikely to have arisen by chance, and hence suggests a direct causal connection between the ability of strains to form vegetative associations and the transmission of vegetative death. Assuming vegetative death to be representative of cytoplasmically located genetic determinants (including viruses), we may conclude that vegetative incompatibility markedly inhibits cytoplasmic as well as nuclear exchange between strains. It follows from the genetics of vegetative incompatibility (Garnjobst, 1953 (Garnjobst, , 1955 Esser, 1971 ; A. C. Butcher, C . E. Caten and J. Croft, unpublished) (Table 2b ) while no instances of transfer were detected where incompatibility was determined by several genes (Table 2a) , suggests a degree of additivity in the action of the heterokaryon incompatibility genes. The use of the highly suppressive condition, vegetative death, as the cytoplasmic marker will have minimized the inhibition of transfer by incompatibility, since any reduction in frequency as opposed to complete abolition will have been rapidly overcome. That such a quantitative effect occurs is suggested both by the delay in the appearance of symptoms and the discrepancy between replicate samples shown by the four positive incompatible mixtures.
The results suggest that vegetative incompatibility will markedly reduce the spread of suppressive, cytoplasmic genetic elements, including viruses, from strain to strain in nature. Heterozygosity for a single incompatibility gene is insufficient to completely prohibit cytoplasmic infection, however, and it is interesting in this regard that all pairs of incompatible wild isolates of Aspergillus nidulans and A. amstelodami analysed to date differ at two or more such loci (Jinks, Caten, Simchen & Croft, 1966 ; A. C . Butcher, C . E. Caten and J. Croft, unpublished) . The situation in natural populations appears therefore more like Expts I and 2 than Expt 3, in which case cytoplasmic genetic infection through hyphal anastomosis and heterokaryon formation should be completely blocked.
The above considerations raise the question of the biological role of vegetative incompatibility in fungi. It has generally been assumed, by analogy with sexual incompatibility systems, that vegetative incompatibility serves to regulate genetic variability by controlling heterokaryosis and parasexual recombination (Caten & Jinks, I 966 ; Esser, 1971) . However, such a role is not consistent with the demonstrated occurrence of similar vegetative incompatibility systems in association with very diverse sexual breeding systems (Caten, 1971) . Day (I 970) and Caten ( I 97 I ) have suggested that vegetative incompatibility might serve to protect mycelia from invasion by suppressive cytoplasmic determinants following hyphal anastomosis, and that its role is therefore one of cellular defence against genetic infection. In demonstrating that vegetative incompatibility markedly reduces, if not prohibits, cytoplasmic transfer, the results reported strongly support this r81e. That incompatibility acts in this way in nature is suggested by the observations of Grente & Sauret (1969a, b) on exclusive hypovirulence among strains of Endothia parasitica.
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